Human retrotransposons generate structural variation and genomic diversity through ongoing retrotransposition and non-allelic homologous recombination. Cell culture retrotransposition assays have provided great insight into the genomic impact of retrotransposons, in particular, LINE-1(L1) and Alu elements; however, no such assay exists for the youngest active human retrotransposon, SINE-VNTR-Alu (SVA). Here we report the development of an SVA cell culture retrotransposition assay. We marked several SVAs with either neomycin or EGFP retrotransposition indicator cassettes. Engineered SVAs retrotranspose using L1 proteins supplemented in trans in multiple cell lines, including U2OS osteosarcoma cells where SVA retrotransposition is equal to that of an engineered L1. Engineered SVAs retrotranspose at 1 -54 times the frequency of a marked pseudogene in HeLa HA cells. Furthermore, our data suggest a variable requirement for L1 ORF1p for SVA retrotransposition. Recovered engineered SVA insertions display all the hallmarks of LINE-1 retrotransposition and some contain 5 ′ and 3 ′ transductions, which are common for genomic SVAs. Of particular interest is the fact that four out of five insertions recovered from one SVA are full-length, with the 5 ′ end of these insertions beginning within 5 nt of the CMV promoter transcriptional start site. This assay demonstrates that SVA elements are indeed mobilized in trans by L1. Previously intractable questions regarding SVA biology can now be addressed.
INTRODUCTION
Greater than 30% of the human genome has been generated through retrotransposition of LINE elements and other RNA species by the LINE reverse transcriptase (1, 2) . Retrotransposition is ongoing in human populations as indicated by de novo L1 (3), Alu (4) and SINE-VNTR-Alu (SVA) (5) insertions associated with disease and by the large number of polymorphic insertions (6 -12) , many of which are at a low allele frequency in human genomes (13) . Most of our knowledge regarding human retrotransposons has been accumulated through genomic analyses (1, (14) (15) (16) (17) (18) (19) (20) (21) , cell culture retrotransposition assays (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) and mouse models (37) (38) (39) (40) (41) (42) .
SVAs are hominid specific, generate non-coding RNAs (20) and the youngest active human retrotransposon (5) .
SVA insertions are associated with eight cases of single-gene disease (43) (44) (45) (46) (47) (48) (49) (50) . SVAs are composite elements (Fig. 1A ) (51 -53) consisting of multiple domains, these being in order from the 5 ′ end: (i) a CCCTCT repeat, (ii) an Alu-like domain, (iii) a GC-rich variable number of tandem repeats (VNTRs) and (iv) an env gene sequence and right LTR from an extinct HERV-K, referred to as SINE-R (5, 20, 54) . The individual SVA domains are present in the genomes of Old World monkeys (55, 56) , and assembly of these domains presumably occurred primarily by pre-mRNA splicing sometime after the divergence of hominids from Old World monkeys (57) .
SVA genomic insertions contain the hallmarks of L1-mediated retrotransposition, including 5 ′ truncations, inversions, 3
′ transductions, polyA tails and target-site duplications (TSDs) of varying length flanking the insertion site (5,14 - † These authors contributed equally. 16, 21, 58) . However, experimental evidence for mobilization in trans by L1 has not been obtained, despite the efforts by a number of laboratories. Here we experimentally demonstrate mobilization of different SVAs in trans by highly active human L1s in various cell types.
RESULTS

An SVA retrotransposition assay
Recently, a new human-specific SVA subfamily, SVA F1 , characterized by the presence of the first exon from the The rationale of the transcomplementation assay is illustrated. Only if the SVA containing the mneoI reporter undergoes a round of transcription, followed by reverse transcription and integration presumably mediated by a full-length L1 (shown), will the reading frame of the neomycin phosphotransferase reporter be restored, conferring G418 resistance (G418 R ). (D) G418 R foci formation is observed in HeLa HA cells when SVA.10 mneoI is co-transfected with the highly active L1 driver construct, pcDNA.L1-RP. The mean number of clones per well + SEM and the range of clones across the wells are displayed below. The number of wells (n) assayed for this experiment is shown. The retrotransposition frequency (mean number of clones/number of transfected cells) for SVA.10 mneoI is listed below the range.
MAST2 gene, and lacking the CCCTCT hexamer along with most of the Alu-like domain, was described (59) (60) (61) . One element within this family on CH10 (SVA.10) is thought to be the source element for at least 13 additional insertions based upon the presence of shared 5 ′ and 3 ′ transductions (59, 60) , including one SVA that is the progenitor to a disease-causing insertion (46, 59) . Likewise, a canonical human-specific SVA on CH2 (SVA.2), classified as an SVA D , is thought to be the source element for at least nine insertions in the human genome as indicated by the presence of shared 3 ′ transductions (21) . These two elements potentially represent two of the most active SVAs in humans since the human -chimp divergence (21, 59, 60) . Because both of these loci have produced numerous human-specific SVA insertions, we reasoned that both would be appropriate candidates to test for retrotransposition competency in cultured cells. The entire SVA.10 locus, including the 5 ′ and 3 ′ transductions was isolated, marked with the mneoI retrotransposition indicator cassette (24, 62, 63) and cloned into pCEP4 vector (Fig. 1B) to make SVA.10 mneoI. mneoI consists of a backward neomycin resistance gene, relative to SVA, with a SV40 promoter and thymidine kinase polyA signal. The neo gene is interrupted by an intron (IVS) in the sense orientation (Fig. 1B) . Thus, only upon splicing of an SVA transcript followed by reverse transcription and integration into the genome will G418 resistance (G418 R ) be conferred upon the transfected cell (Fig. 1C) . Likewise, the entire SVA.2 locus was isolated, but only the SVA sequence was marked with mneoI, which differs from SVA.10 mneoI, which contains multiple transductions (see Materials and Methods).
To determine whether our constructs were 'active' in cell culture and L1 was sufficient for trans-mobilization in cultured HeLa HA cells, we transiently co-transfected SVA.10 mneoI, referred to here as the 'passenger' plasmid, and highly active unmarked L1s, either L1-RP (64) or L1.3 (65, 66) , which are referred to here as 'driver' plasmids into HeLa HA cells ( Figs 1D and 2A) . SVA passengers were cloned into the replication-competent pCEP4 vector, whereas the L1 drivers were cloned into pcDNA6, a non-replicating plasmid in HeLa HA cells, (i) to enable antibiotic selection for both plasmids if need be, and (ii) to preclude the formation of plasmid recombinants, which had been a difficulty in previous attempts to develop an SVA cell culture retrotransposition assay (unpublished data, E.M. Ostertag, J.L.G. and H.H.K., Jr). We used the HeLa HA cell line because Alu displays high levels of L1 trans-mobilization in this HeLa strain (25, 67) and thus serves as a robust positive control for our trans-mobilization assay (Supplementary Material, Figs S1 and S2 and data not shown).
To determine the frequency of SVA.10 mneoI retrotransposition, we transiently co-transfected SVA.10 mneoI with pcDNA.L1-RP (64) (Figs 1D and 2A) . The retrotransposition frequency was calculated as the number of foci divided by the number of transfected cells (see Materials and Methods). The mean number [+ standard error of the mean (SEM)] of foci/well for SVA.10 mneoI across 12 replicates was 27.8 (+ 3.61) (Fig. 1D) . The frequency of SVA.10 mneoI retrotransposition driven by pcDNA.L1-RP in this assay is 3.35E 2 04 events per transfected cell. SVA.10 mneoI foci formation was significantly less when driven by pcDNA L1.3 (4.33 + 0.33) (Fig. 2B ). This corroborates a Tet were co-transfected with various drivers (A-G) to determine the role of L1 proteins in SVA retrotransposition. All transfections were carried out in six-well plates with 1.5 mg of the corresponding 'driver' plasmid and 0.5 mg of the corresponding 'passenger' plasmid. Data are presented as the mean number of G418 previous study which showed that L1-RP is a better driver than L1.3 (23) .
Additional replicates were carried out ( Fig. 2A) for SVA.10 mneoI along with SVA.2 mneoI co-transfections with either pcDNA.L1-RP ( Fig. 2A) or pcDNA L1.3 (Fig. 2B ). SVA.2 mneoI was mobilized by pcDNA.L1-RP (3.1 + 0.91) and pcDNA L1.3 (1.17 + 0.31) in trans. Depending on the driver L1, SVA.10 mneoI produces about four to eight times as many foci in HeLa HA cells as SVA.2 mneoI. A few nucleotide substitutions introduced during the cloning process in the SVA. 10 3 ′ transduction (Supplementary Material, Fig. S2 ) were identified. Therefore, we recloned the 3 ′ transduction from BAC DNA to make SVA.10B mneoI. Trans-mobilization assays revealed that SVA.10 mneoI produced approximately six times more foci than SVA.10B mneoI (23.79 + 3.19 versus 3.6 + 1.69) (Fig. 2A) . Although the role of these substitutions is unclear, northern analysis indicates that steady-state levels of SVA.10 mneoI RNA are significantly greater than those of SVA.10B mneoI RNA and a modified SVA.10 construct, SVA.10R mneoI, which lacks the 3 ′ transduction (Fig. 3A) . In contrast, SVA.2 mneoI and Alu neo Tet RNA levels appear robust. To ensure G418 R foci formation represented L1-mediated retrotransposition and not plasmid -plasmid recombination, we co-transfected SVA.10 mneoI (Fig. 2C and Supplementary Material, Fig. S1 ) and SVA.2 mneoI (Fig. 2C ) with pcDNA.L1-RPDD, a modified pcDNA.L1-RP construct lacking both the CMV promoter and the L1 5 ′ UTR. A driver lacking promoter sequences should not generate G418 R foci, unless (i) recombination occurs between the plasmid lacking the promoter and the plasmid containing the promoter (23) or (ii) endogenous RT activity is utilized. The absence of G418 R colonies (Fig. 2C) indicates that SVA foci are not a product of plasmid -plasmid recombination (23) . Occasional foci are observed when Alu neo Tet is transfected with pcDNA.L1-RPDD (data not shown). This result is consistent with low levels of RT activity in this cell line and mobilization of Alu in the absence of driver L1s (27) .
Next, to compare SVA.10 retrotransposition activity with that of Alu, we replaced the mneoI reporter in SVA.10 mneoI with the neo Tet retrotransposition indicator cassette (68) Tet is transfected with the same L1 driver (93.5 + 9.1, Fig. 2A) .
To investigate the retrotransposition activity of SVA relative to processed pseudogene formation, we scaled up our assay from six-well plates to T-75 flasks (see Methods and Materials). We co-transfected cells with pcDNA.L1-RP and the following SVA constructs: SVA.10 mneoI, SVA.10B mneoI, SVA.2 mneoI. Additionally, the progenitor to the SPTA1 (a-spectrin) insertion (5), an SVA E representing another 'canonical' SVA element, referred to as SRE1, was tested with (SVA.SRE1 mneoI) and without (99 SVA.SRE1 Table 1 for foci counts and relative activity.
Human Molecular Genetics, 2011, Vol. 20, No. 17 3389 mneoI) an exogenous promoter. We also co-transfected the following control plasmids with pcDNA.L1-RP: (i) ORF1 mneoI-AA (31), a construct containing the ORF1 coding sequence with two point mutations (R261A/R262A) marked with mneoI, and (ii) a marked pseudogene, EGFP mneoI, the coding sequence of EGFP along with mneoI in pCEP4. As a negative control, all passenger constructs were transfected alone (no driver). We normalized the number of G418 R foci for each passenger to the number of G418 R foci produced by the pseudogene EGFP mneoI. The results are presented in Table 1 (Fig. 3B) .
Consistent with the results of performing transfections in six-well plates, SVA.10 mneoI produced the most foci (mean ¼ 124.7 + 17.8) per T-75 flask and SVA.2 mneoI produced the second greatest number of foci (mean ¼ 14.7 + 3.5). These engineered SVAs produce foci 1 -54 times more often than a marked pseudogene (Table 1) . Notably, steady-state RNA levels differ across these constructs ( Fig. 2A) and correlate with the retrotransposition activity for SVA.10 mneoI and SVA.10B mneoI.
The role of L1 proteins in SVA trans-mobilization Both L1 proteins are required in cis to mobilize their own RNA (24) . Likewise, processed pseudogene formation requires a functional ORF1p (23, 26) . However, Alu elements only require L1 ORF2p, although supplementation with L1 ORF1p may enhance Alu retrotransposition (69) . To determine the role of L1 ORF2 in SVA trans-mobilization, our SVA constructs were co-transfected with an L1 containing a point mutation (D702Y) in the reverse transcriptase domain, known to abolish RT activity (70) (Fig. 2D ). Consistent with a requirement for L1 ORF2p RT activity, few to no colonies were observed for engineered SVAs, ORF1 mneoI and Alu neo
Tet when co-transfected with L1-RP (D702Y) (Fig. 2D ). These data are consistent with SVA trans-mobilization through an RNA intermediate.
Next, we tested whether the L1 RNA-binding protein ORF1p is required for SVA retrotransposition ( Fig. 2E and   F ). Here, we co-transfected either SVA.10 mneoI or SVA.2 mneoI with a construct containing the 5 ′ UTR and ORF2 coding sequence of L1.3 (65, 66, 71) cloned into pcDNA6 (pcDNA.ORF2). Consistent with previous reports, Alu mobilization is enhanced when transfected with an ORF2-only construct rather than a full-length L1 (Fig. 2E) (25) . Few-to-no colonies were observed when SVA.10 mneoI was co-transfected with pcDNA.ORF2 (0.5 + 0.22). However, retrotransposition of SVA.2 mneoI co-transfected with pcDNA.ORF2 produces slightly more foci (5 + 0.4) than transfection with full-length L1 drivers. To further investigate the potential ORF1p requirement of SVA.10 mneoI, co-transfection with ORF2 in a replicating plasmid, pCEP.ORF2, was carried out (Fig. 2F) . Similar to what was observed with pcDNA.ORF2, few-to-no colonies (0.5 + 0.22) were observed in this assay, despite quite robust Alu mobilization (96.25 + 16.11) (Fig. 2F ).
ORF1p is a multi-domain protein that contains coiled-coiled, RRM and C-terminal domains (72, 73) . To further investigate the role of ORF1p in SVA retrotransposition, we carried out experiments with a driver, pcDNA.L1-RP N157A/R159G , containing the double mutation, N157A/R159G (74) , in the RRM domain of ORF1p. This mutation has been shown to abolish engineered L1 retrotransposition in cis, to affect L1 RNP formation and to disrupt both the formation of ORF1p cytoplasmic foci (74) and L1 cytoplasmic foci formation containing ORF2p (75) . As a positive control for transmobilization, pcDNA.L1-RP N157A/R159G was transfected with ORF1 mneoI (23), as ORF1 mneoI does not require a functional ORF1p in trans (31) for mobilization. ORF1 mneoI transfected with pcDNA.L1-RP N157A/R159G results in slightly fewer foci (40.33 + 2.33) than ORF1 mneoI driven with pcDNA L1-RP (51.67 + 13.48) (Fig. 2G ). In contrast, transfections of either SVA.10 mneoI or SVA.2 mneoI with pcDNA.L1-RP N157A/R159G resulted in almost no colony formation (0 + 0 and 0.2 + 0.2) (Fig. 2G) . Therefore, these data suggest that SVA.2 retrotransposition is ORF1p independent, whereas SVA.10 retrotransposition is ORF1p dependent in HeLa HA cells. However, a driver L1 containing the double mutation, N157A/R159G, reduces SVA mobilization to background levels.
Engineered SVAs retrotranspose in multiple cell lines
Our understanding of L1 biology has benefited from analysis across various cell types or cell lines of varying origin (reviewed in 34). Likewise, the EGFP retrotransposition indicator cassette (76) has been useful in reducing the amount of time it takes to carry out these assays and in interrogation of phenomena intractable to the neo assay (33) . Therefore, we re-engineered SVA.10 and SVA.2 with the EGFP retrotransposition indicator cassette. Likewise, we tested a modified SVA.10 EGFP construct in which we removed the 3 ′ transduction and restored the 3 ′ end of the SINE-R to make SVA.10R EGFP. Similar to the mneoI cassette, the EGFP cassette remains non-functional until a round of transcription is followed by integration (76) .
To test our new constructs, we transfected our EGFPmarked SVAs into HeLa HA cells, as we have demonstrated these cells are permissive for SVA retrotransposition. As a (76), a construct containing the highly active L1-RP (64) driven by its own promoter. To maintain plasmid DNA to transfection reagent ratios similar to that of the SVA co-transfections, the L1 driver, pcDNA.L1-RP (FL-L1), was co-transfected with 99 RPS EGFP Pur. As a positive control for trans-mobilization, JM111 EGFP Pur (76) and a driver L1 were also co-transfected. JM111 mneoI has been reported to be mobilized in trans at detectable levels in six-well plates by L1 driver constructs (23) . SVA retrotransposition, as indicated by EGFP-positive cells, was detectable as early as day 2 under the microscope. In these assays, we opted to select for the plasmid marked with the EGFP cassette with puromycin. Five days after transfection, cells were counted by flow cytometry to determine the number of EGFP-positive cells. Routinely, at least 100 000 transfected cells were counted to obtain reasonable sample size. Retrotransposition frequencies were calculated as the number of EGFP-positive cells per number of transfected cells (see Materials and Methods for more details). All samples were gated on cells co-transfected with SVA.10 EGFP and the pcDNA.L1-RP (D702Y) mutant, as this represents background fluorescence or any effect of endogenous RT activity. Both SVA constructs, SVA.10 EGFP and SVA.2 EGFP, were transfected with an ORF1 driver, pcDNA.ORF1, or an ORF2 driver, pcDNA.ORF2, to confirm our data from the neo assay regarding SVA L1 protein requirements. To examine whether L1 proteins may mobilize SVAs when supplied jointly in trans, and because a previous report suggests that retrotransposition of Alu by ORF2 alone is enhanced when ORF1 is supplemented (69), SVA10 EGFP or SVA.2 EGFP was co-transfected with ORF1 and ORF2 on separate plasmids (pcDNA.ORF1 and pcDNA.ORF2, respectively). To control for the reduction in plasmid containing ORF2 sequence when ORF1 and ORF2 sequences are on different plasmids, additional transfections were carried out in which the amount of L1 driver plasmid was reduced by a factor of 2 (FL-L1/2). All transfections were carried out in triplicate unless indicated otherwise and are presented as the mean %EGFP-positive cells + 1 standard deviation (Fig. 4) .
In the HeLa HA cell experiment, EGFP-positive cells derived from SVA.10 EGFP were 0.06% of transfected cells, corresponding to 22% of 99 RPS EGFP Pur activity (0.27% + 0.04). Although some SVA.2 EGFP and JM111 retrotransposition events were seen under an inverted microscope, EGFP-positive events were not detectable above background by flow cytometry (Fig. 4B) . As expected, SVA.10 EGFP and SVA.2 EGFP co-transfected with pcDNA.ORF1 produced no events. SVA.10 EGFP and SVA.2 EGFP transfections with pcDNA.ORF2 produced detectable events, although very rarely (Fig. 4B) . When SVA.10 EGFP and SVA.2 EGFP were transfected with the ORF1 and ORF2 on different plasmids (pcDNA.ORF1 + pcDNA.ORF2), a noticeable increase in the %EGFP positive cells was observed (Fig. 4B) . SVA.10 EGFP is active (0.02% + 0.01) when co-transfected with an equal amount of ORF2 containing plasmid DNA, but increases to 0.08% + 0.14 with ORF1 and ORF2 on separate plasmids. SVA.2 EGFP increases from background levels to 0.20% + 0.02 when co-transfected with ORF1 and ORF2 on separate plasmids. Thus, our SVA EGFP assay was validated and we decided to explore SVA retrotransposition in other cell lines.
Engineered L1s retrotranspose at high levels in the human embryonic kidney (HEK) cell line, 293T (77) , and in the osteosarcoma cell line, 143B (78) . In addition to these cell lines, we also transfected U2OS cells, another osteosarcoma cell line, with our three SVA EGFP constructs. The same experiment carried out for HeLa Ha cells was replicated in 293T cells, although we only assayed SVA mobilization by full-length L1 in 143B and U2OS cells. Similar to HeLa HA cells, SVA retrotransposition was observed as early as day 2 in 293T cells and day 3 in U2OS cells (Fig. 4A) . Flow cytometry data for the 293T and U2OS cells are presented in Figure 4C and D, respectively. In contrast, SVA retrotransposition in 143B cells was low, with only SVA.10 EGFP events detectable by flow cytometry (Fig. 4E) while the other passenger constructs were not above background.
In 293T cells, both JM111 and ORF2-alone transmobilization of SVA.10 EGFP and SVA.2 EGFP was increased relative to HeLa HA cells (Fig. 4B) . In U2OS cells, 99RPS EGFP Pur activity was reduced relative to HeLa HA or 293T cells. The SVA EGFP constructs exhibit the highest percentage of EGFP cells in U2OS cells, up to 0.1% of transfected cells for SVA.10 EGFP. It is noteworthy that the SVA activity is comparable with the L1 activity in this cell line. These SVA EGFP assays show that multiple cell types are permissive to engineered SVA retrotransposition, support our observations from the neo assay regarding ORF1p independence of SVA.2, and identify at least one cell line where SVA and L1 retrotransposition activity is similar.
SVA insertions display hallmarks of L1-mediated retrotransposition
To confirm that colony formation resulted from authentic retrotransposition events, SVA.10 mneoI, SVA.2 mneoI, SVA.10 mneoID3TR, SVA.SRE1 mneoI and 99 SVA.SRE1 mneoI events were clonally expanded and genomic DNA was extracted from clones. First, we carried out PCR with primers spanning the intron of mneoI (Fig. 5A and data not shown). Consistent with engineered SVAs being mobilized through an RNA intermediate, amplicons representing a spliced mneoI PCR product were observed in genomic DNA isolated from individual clonal lines. Sanger sequencing confirmed that the lower bands represented spliced mneoI PCR products (data not shown).
To map the location of engineered SVA insertions and characterize the breakpoints, we carried out inverse PCR (iPCR). Genomic DNA from independent foci was digested with restriction enzymes that cut towards the 3 ′ end of the SINE-R or within the mneoI cassette. This approach should (i) minimize bias in insertion size of SVA inserts and (ii) circumvent PCR amplification problems associated with the SVA GC-rich VNTRs. However, this approach only allows recovery of the 3 ′ breakpoints of SVA inserts. We recovered the genomic location of 15 SVA insertions from clonal cell lines (Table 2) and another breakpoint located directly 5 ′ of the AG splice acceptor of an exon (clone 7). Six out of 10 (60%) of the insertions in annotated genes are on the coding strand. RNA from the SVA.10 mneoI construct has the capability of polyadenylating at a polyA site in the 3 ′ transduction (59,60) or downstream at the SV40 polyA signal located in the CEP vector, as commonly observed for engineered L1s (24 
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Human Molecular Genetics, 2011, Vol. 20, No. 17 Four out of five SVA.10 mneoI/SVA.10 mneoID3TR insertions were full-length. The first nucleotide, that is not part of the TSD for these insertions, was located +2 to +5 relative to the transcription start site of the CMV promoter (82) (Fig. 6B) , 12-16 nt 5 ′ of the cloned SVA fragment in pCEP4. One of these insertions, clone 3, contains a nontemplated G (Fig. 6B) . Thus, these insertions contain short 5 ′ transductions. The average length of the SVA.10 mneoI/ SVA.10 mneoID3TR insertions was 5.2 kb with the mneoI cassette and 4.0 kb without the cassette. In contrast, all four 99 SVA.SRE mneoI insertions were 5 ′ truncated, three within the VNTR and one in the SINE-R domain ( Table 2 ). The mean length of the 99 SVA.SRE mneoI insertions was 2.3 kb with the mneoI cassette and 1.1 kb without the cassette. The combined mean length of the nine insertions, where 5 ′ and 3 ′ breakpoints were obtained, was 3.9 kb with the cassette and 2.7 kb without the cassette.
DISCUSSION
SVA is mobilized by human L1s in trans
Here, we provide the first experimental evidence for L1-mediated retrotransposition of SVA elements in cultured cells. SVA elements display all the hallmarks of LINE-1 mobilization; however, the establishment of an SVA retrotransposition assay has been delayed, at least in our hands, due to false-positive insertions and the lack of an appropriate progenitor element. Source elements to L1 disease-causing insertions have proven useful-robust models for L1 retrotransposition; however, this has not been the case for SVA insertions. In this study, we opted to use elements known to be relatively active since the human -chimp divergence, one element from the recently described youngest human-specific SVA subfamily, SVA.10, and one element representing the 'canonical' SVA, SVA.2.
Consistent with the multiple daughter loci produced from the SVA.10 or SVA.2, both elements are rather active in multiple cell types. In some cell types, our SVA constructs are not Recovered SVA insertions are listed by clone number (column 1), the SVA construct (column 2) from which the foci was produced, the genomic location of the 3 
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as actively trans-mobilized as JM111 EGFP. However, it is interesting that, in U2OS cells, SVA retrotransposition rivals that of one of the most active human L1s, L1 RP. It is possible that SVAs may mobilize sooner in U2OS cells than human L1, and that over a longer time period, engineered L1 retrotransposition would far surpass that of engineered SVAs. SVA elements are thought to be 'hot' because numerous recent insertions are associated with Mendelian disease (57, 83) . SVA activity in our HeLa HA cell culture assays ranges from 1 to 54 times that of a pseudogene. Excluding SVA.10 mneoI which contains a few mutations introduced by cloning, SVA activity ranges from approximately one to six times the activity of a pseudogene. It is surprising to us, that SVA.10 and SVA.2 exhibit an 8-fold difference in retrotransposition activity ( Fig. 2A and Table 1) in HeLa HA cells, whereas in U2OS cells they are not significantly different in activity. Furthermore, it is possible that either the appropriate cell line or precise time in vivo is needed not only for increased SVA activity but also for intrinsic SVA promoter activity to occur. An alternative and equally possible explanation for the modest SVA activity is that SVA elements are not very active overall, and that an unknown ascertainment bias accounts for SVA disease-associated insertions. However, it bears mentioning that engineered L1s are silenced following insertion by deacetylation of the local chromatin (33) , and SVA insertions may also be silenced. Along these lines, SVA was originally identified by one laboratory (54) in a screen for densely CpG-methylated loci.
SVA L1 protein requirement
SVA mobilization through an RNA intermediate is supported by our retrotransposition reporter assays along with engineered SVA insertions containing spliced introns and polyA tails. Consistent with these observations, use of an L1 driver containing a point mutation in the RT domain reduces transmobilization of SVA and control constructs to background levels. Previous studies of trans-mobilization determined that ORF1p is dispensable for Alu retrotransposition (25) although it is required for pseudogene formation (23, 26) . Data from our neo assay (Fig. 2E and F) suggest a strict ORF1p requirement for SVA.10 mobilization and little-to-no ORF1p requirement for SVA.2 in HeLa HA cells. Despite an increase in ORF2-alone mobility in EGFP assays, SVA.10 is still mobilized more effectively by the full-length L1. However, it is evident in 293T cells that SVA.2 EGFP is indeed mobilized more efficiently by ORF2 alone relative to full-length L1. Of particular interest is the 10 -20-fold increase in SVA EGFP-positive cells when ORF1 and ORF2 are transfected jointly on separate plasmids. It has been reported that Alu retrotransposition is enhanced up to 5-fold when Alu and ORF2-alone transfections are supplemented with ORF1 (69). Why ORF1 and ORF2 delivered on separate plasmids are more active as SVA drivers than full-length L1 is unknown. One possibility is that more ORF2p is synthesized from the monocistronic CMV-driven ORF2-alone construct (75) than ORF2p produced by a full-length L1. Nonetheless, this observation may prove useful for interrogating SVA biology.
The differential ORF1p requirement for SVA.10 and SVA.2 is surprising. This difference may be related to RNA length, as a full-length spliced SVA.10 mneoI RNA is 5.5 kb compared with 3.5 kb for a full-length spliced SVA.2 mneoI RNA, or perhaps more specifically the length of the 3 ′ transduction. In addition to size differences, SVA.10 and SVA.2 are quite different at the DNA sequence level, with SVA.10 containing multiple 5 ′ and 3 ′ transductions and lacking the CCCTCT hexamer and most of the Alu-like domain.
Engineered SVA insertions
Our recovered SVA insertions display features similar to genomic SVAs: 5 ′ transductions, 3 ′ transductions, TSDs, polyA tails and insertion at L1 endonuclease consensus cleavage sites (Table 2 , Figs 5 and 6 ). Four out of five SVA.10 insertions begin at the CMV promoter transcriptional start site, supporting the hypothesis that these elements lack strong promoter sequences and the observation that the majority of SVAs ( 63%) in the human genome reference sequence are full-length (60) . In contrast, the 99 SVA.SRE1 mneoI insertions are produced from a vector that contains no CMV promoter. Alternatively, it is possible that a cryptic promoter exists on the plasmid backbone or within the 700 bp of 5 ′ flank cloned with this element. Additionally, it is possible that the SRE1 insertions do not represent 5 ′ truncations at all, and that SVA transcription initiated within the VNTR as numerous transcription start sites exist throughout the SVA What is particularly striking is that four out of five SVA.10 mneoI insertions (80%) and four out of nine (44%) of the total recovered insertions are full-length. While this may represent some unknown technical bias, the iPCR approach should limit bias as the restriction enzymes used cut towards the 3 ′ end of the engineered element. The longer insertions differ greatly from reports for engineered L1 insertions in which the L1 is driven by a heterologous promoter and only 5% of the insertions are full-length (22, 35, 36) . Here, it is possible that a size ascertainment bias may have been introduced, as some of these studies relied upon rescue cassette procedures which likely favor easier ligation and smaller insertions. However, a study characterizing transgenic human L1 insertions in mice, where the insertions were recovered by a ligation-independent method, TAIL-PCR, reported that 3/33 (9%) insertions were full-length (40) . More recently, another transgenic study that characterized human L1 insertions in the mouse and rat, where the L1 was driven by its own promoter, reported that four out of eight were full-length (38) .
The full-length SVA insertions here and in the genome are a testament to the resilience of the L1 RT. Moreover, the ability to reverse-transcribe such a repetitive GC-rich template, as occurs in SVA, argues against a model in which L1 5 ′ truncations are the consequence of reduced L1 RT processivity and favors the hypothesis that some as-yet unidentified factor is responsible for truncations.
This study provides the first comprehensive analysis of SVA molecular biology to date. Here we extend our current understanding not only of SVA biology but also of L1-mediated retrotransposition. Our assay will not only be useful for comparative studies but may also provide insight into this young, mysterious element.
MATERIALS AND METHODS
Oligonucleotide sequences used in this study are available upon request. (76) as a 6 kb NotI-ApaI fragment and swapped into the NotI -ApaI sites of pcDNA6/myc-hisB (Invitrogen). pcDNA.L1-RP(D702Y): This construct was generated by sitedirected mutagenesis of pcDNA.L1-RP. pcDNA6.ORF2: The L1. 3 5 ′ -UTR-ORF2 was liberated from pCEP 5
′ -UTR-ORF2 no neo (71) as a 4.8 kb fragment and swapped into pcDNA.L1-RP at NotI-AleI. pCEP.ORF2: Referred to as pCEP 5 ′ UTR ORF2 no neo, pCEP.ORF2 has been previously described (71) .
Alu neo
Tet : This construct has been previously described (25 
DNA preparation
Plasmid DNA was prepped using the QIAGEN MaxiPrep Kit (QIAGEN). Genomic DNA was isolated using the DNA Mini Kit (QIAGEN).
Cell culture
HeLa HA, HEK 293T, U2OS and 143B cells were incubated at 378C with 5% CO 2 and 100% humidity in DMEM (Gibco) supplemented with 10% FBS (Hyclone), 1% PennStrep (Gibco) and 1% GlutaMax (Gibco).
neo Trans-mobilization assays Transient retrotransposition assays (84) were carried out similarly to those previously reported for Alu (67, 71) , with slight modifications. For assays in six-well and T75 flasks, we seeded out 2 × 10 5 or 2 × 10 6 HeLa HA cells per well/ flask. The following day, 0.5 mg of the passenger and 1.5 mg of the driver plasmid DNA or 4 mg of the passenger and 8 mg of the driver plasmid DNA for T75 flasks were co-transfected using 6 ml Fugene (Roche) according to the manufacturer's instructions. Seventy-two hours after transfection, G418 was added to the cells. Cells were re-fed routinely with media containing G418. After G418 selection, approximately 14 days, cells were washed, fixed and stained with giemsa.
SVA.10 mneoI retrotransposition frequency was calculated as the number of G418 R foci per transfected cell. Transfection efficiency was determined by co-transfecting 0.5 mg of N1-EGFP (CLONTECH) in addition to 0.5 mg of SVA.10 mneoI and 1.5 mg of the driver plasmid using 6 ml Fugene (Roche) into HeLa HA cells in six-well plates. One day after transfection, EGFP-expressing cells were counted using an Accuri C6 flow cytometer. The mean percentage of EGFP-expressing cells from three replicates was calculated.
Northern blot analysis of SVA RNA in HeLa HA cells HeLa HA cells were seeded in a 10 cm plate at a density to achieve 50% confluency at the time of transfection. Fugene 6 was used to transfect 2 mg of the driver (pcDNA.L1-RP) plasmid DNA and 4 mg of the passenger plasmid DNA into HeLa HA cells. Total RNA was isolated after 48 h using the RNeasy Mini Kit (QIAGEN). RNA was mixed with NorthernMax-Gly Sample Loading Dye (Ambion) at a 1:2 RNA:dye ratio, incubated at 558C for 1 h, chilled on ice for 5 min before loading. Ten micrograms of total RNA was separated on a 1% denatured agarose gel. The RNA was transferred to a nylon membrane, UV-crosslinked and pre-hybridized at 688C for 1 h, followed by overnight hybridization at 688C with a neo sense riboprobe (300 bases), lacking the intron, labeled with digoxygenin (DIG)-11-UTP. The next day, the membrane was washed, immunodetected with anti-DIG-AP Fab fragments (Roche), visualized with the chemiluminescence substrate CDP-star (Roche) and exposed.
EGFP retrotransposition assays
Approximately 2 × 10 5 HeLa HA, 293T, U2OS or 143B cells were seeded out per well in six-well plates. The following day, 1 mg of the passenger and 1 mg of the driver plasmid (pcDNA.L1-RP, pcDNA.ORF1, pcDNA.ORF2 or pcDNA.L1-RP (D702Y) DNA was co-transfected into cells, using Fugene6 (Roche). 99 RPS EGFP Pur was also co-transfected with the driver plasmid DNA to normalize for co-transfection efficiency. In the experiments labeled FL-L1/2, cells were transfected with 1 mg of the passenger and 0.5 mg of the pcDNA.L1-RP plasmid DNA. For ORF1/ORF2 transfections, 1 mg of the passenger, 0.5 mg of pcDNA.ORF1 and 0.5 mg of pcDNA.ORF2 were co-transfected. Two days after transfection, puromycin was added to the media in order to select for cells transfected with the passenger plasmid. Puromycin was efficient at selecting transfected cells within 2 days after being added to the media. Five days after transfection, cells were harvested, washed and subjected to flow cytometry on a FACSCalibur machine. The gate was set for flow cytometry with cells co-transfected with SVA.10 EGFP and pcDNA.L1-RP (D702Y). We routinely counted approximately 100 000 cells per transfection. All transfections were performed in triplicate, except SVA.10R EGFP D3TR and SVA.10 EGFP/ORF1/ORF2 in HeLa HA cells. The %EGFP-positive was calculated as the number of EGFP-positive cells divided by the number of transfected cells.
Inverse PCR
Genomic DNA (0.5 mg) isolated from cell lines generated from individual foci was digested for 4 h to overnight with SacI, PpumI or HindIII (New England Biolabs) in a total reaction volume of 50 ml. The reaction was heat-inactivated by incubating at 658C for 20 min. The digested DNA was ligated using T4 DNA ligase (New England Biolabs) in a total volume of 500 ml at 168C for at least 16 h. DNA ligase was heat-inactivated at 658C for 20 min. The DNA was ethanol-precipitated and resuspended in a total volume of 50 ml. PCR was performed using Ex Taq (Takara) according Human Molecular Genetics, 2011, Vol. 20, No. 17 3397 to manufacturer's instructions with 1 ml from the ligation reaction used as template. Nested PCR was carried out using 1 ml of the first-round PCR diluted 200×. PCR products were resolved on 1% agarose gels. Bands of interest were excised and purified using the QIAquick Gel Extraction Kit (QIAGEN). Purified products were either sequenced directly by the Sanger method or TOPO (Invitrogen) cloned followed by sequencing. DNA sequences were checked for appropriate digestion followed by ligation at the expected restriction site. Genomic locations of SVA inserts were determined relative to the current human genome reference assembly (hg19/ NCBI37) using the UCSC genome browser (85) .
